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Cervical and ocular vestibular evoked myogenic potentials (cVEMPs and 
oVEMPs, respectfully) are considered objective tests of vestibular function 
measured using surface electromyography (EMG). In addition, VEMPs are 
visually detected by an examiner, often requiring a high level of stimulation to the 
ear to easily visualize a waveform plotted across time. However, a high level of 
stimulation, like those used during routine VEMP testing, is problematic since it 
has been shown to be unsafe in children when compared to adults. Visual 
interpretation can also vary between examiners in cases of reduced vestibular 
function or when the level of required muscle contraction is low. One method to 
alleviate the burden of visual detection is to use objective detection algorithms – 
introduced as an alternative to visual detection of the auditory brainstem 
response (ABR). An algorithm known as fixed single point (Fsp) estimates the 
signal-to-noise ratio (SNR) and statistically determines if a response is present. 
Fsp has multiple clinical applications including a profound impact on the 
identification of hearing loss; yet, our understanding of how this algorithms 
behaves in VEMPs remains limited.  
 
The purpose of this investigation was to characterize the behavior of Fsp in 
cVEMPs and oVEMPs and compare Fsp to visual detection in a group of young 
healthy participants. Air-conducted cVEMPs and oVEMPs were elicited using 




assessed.  For cVEMPs, the additional effect of EMG activation was assessed by 
varying EMG targets between 10 – 150 µV.   
 
When applied to VEMP detection, Fsp values increased as stimulus level 
increased in cVEMPs and oVEMPs, however Fsp values remained significant at 
lower stimulus levels. In cVEMPs, Fsp values were comparable across different 
levels of EMG activation and maximum EMG activation did not yield larger Fsp 
values. Finally, Fsp was comparable to visual detection when detecting VEMP 
threshold. These results showed the feasibility of Fsp when applied to VEMPs 
and have the potential to shift conventional thinking about the role of stimulus 









This chapter provides an overview of objective detection algorithms when applied 
to auditory and vestibular evoked potentials.  
 
What does it mean to be objective?  Well one definition may allude to the 
absence of subjective experiences or perspectives when making a decision.  
Over the years, many of our so-called “objective” tests in audiology relied on 
experienced examiners to determine response presence.  Historically, auditory 
evoked potentials (AEPs) such as the auditory brainstem response (ABR), while 
objective in terms of physiologic data collected, were not truly objective because 
it was subject to visual interpretation by an examiner. One alternative to visual 
interpretation is the use of objective detection algorithms. Objective detection 
algorithms do not rely on visual interpretation but instead rely on the results of 
statistical tests to determine if a response is present – and can be applied to any 
evoked potential (e.g., ABR).  These algorithms are advantageous for their ability 
to aid in test interpretation, especially in recordings with excessive background 
noise. Objective detection algorithms have made a profound impact on the 
identification of hearing loss, from newborn hearing screening programs to 
clinical populations where behavioral measures were not possible. The 
development of objective detection algorithms was arguably the driving force 






To understand objective detection algorithms, one must understand the 
fundamentals of evoked potentials. Evoked potentials can be analyzed in two 
primary domains: the time or frequency domain.  In the world of objective 
detection, there are numerous algorithms available for use in either domain.  A 
variety of factors are used to determine which algorithm is most appropriate, 
such as response characteristics, clinical feasibility, convenience, statistical 
accuracy, and number of statistical assumptions violated (Hyde et al., 1998). 
Approaches in the time domain are preferable due to the nature of evoked 
potentials frequently used today (e.g., ABR).  Generally, there are three different 
approaches of objective response detection in the time domain: 1) to determine if 
the signal amplitude is significantly larger than the amplitude of a noise estimate 
2) to determine if two average waveforms are similar (i.e., correlated) 3) to 
determine if an average waveform is correlated to an expected waveform (i.e., 
template).  Given that there are several approaches in the time domain, many 
have been made available for clinical use in evoked potential acquisition 
programs.  
 
Among the different approaches in the time domain, there is one method that has 
stood out over the others and has had a wide range of clinical applications – an 
algorithm known as Fixed Single Point (Fsp) (Elberling & Don, 1984). The 
theoretical framework for Fsp will be discussed in detail later.  In general, Fsp is 
preferable for use in a temporally narrow and spectrally broad response (Dobie, 





addition, Fsp is the primary detection method for the automated ABR used in 
newborn hearing screening programs. Fsp has solidified its place in the auditory 
literature for objective detection of AEPs (Yvonne S. Sininger, 1993).  
 
Since the introduction of Fsp, there has been little focus towards whether this 
algorithm could be applied to other types of evoked potentials such as vestibular 
evoked myogenic potentials (VEMPs).  Similar to the ABR, VEMPs are primarily 
analyzed in the time domain and generally considered a temporally narrow and 
spectrally wide response.  Currently, VEMPs are considered “objective” tests of 
vestibular function yet detection of the response is still performed visually and 
determined by a clinician.  It is unknown if methods like Fsp could offer the same 
clinical advantages as it did for the ABR.  While this dissertation study focuses on 
VEMPs, one must understand the history behind objective detection (i.e., Fsp) 
when applied to auditory evoked potentials.  A breakdown of how Fsp functions 
from a statistical perspective will be discussed followed by considerations about 















REVIEW OF LITERATURE 
This chapter reviews the current state of the literature of objective detection 
algorithms when applied to auditory and vestibular evoked potentials.  
 
 
Foundations of objective detection 
 
Objective detection algorithms have two fundamental goals: to estimate the 
signal and noise and use statistical tests to determine the presence of a 
biologically evoked neural response.  A good objective detection algorithm is 
determined by its accuracy, consistency, and ability to recognize the response it 
is designed to detect (Dobie, 1993). In addition, the algorithm must be defined by 
some set criterion value that determines if the response is present or absent. 
From a statistical perspective, an objective detection algorithm must determine 
whether there is sufficient evidence to reject the null hypothesis (i.e., there is no 
difference between the signal and noise estimate in the recording).  However, 
like all statistical tests, there are several assumptions to consider for the 
algorithm to be effective.  After all, objective detection algorithms are only as 
good as the underlying statistical assumptions (Hyde et al., 1998).  
 
For example, a normal statistical distribution allows an objective detection 





(i.e., alternative hypothesis). The use of statistics in response detection depends 
on its ability to correctly determine response presence while avoiding the all-to-
familiar error of committing a Type I and Type II error (Hyde et al., 1998). Type I 
error is the probability of rejecting the null hypothesis when the null hypothesis is 
true.  In the context of evoked potentials, it is the probability of the algorithm 
identifying a present response when there is none.  Type II error is opposite of 
Type I, which is the probability of failing to reject the null hypothesis when the null 
is not true or failing to identify the response when the response is present.  
 
In statistics, comparing two normal distributions has a very predictable 
relationship and trade off.  For example, reducing the critical value (cutoff 
criterion) used to reject the null hypothesis (e.g., moving from p < .01 to .05) 
increases statistical power (the probability of finding an effect if an effect exists) 
while increasing the probability of committing a Type I error.  In contrast, 
increasing the same critical value (e.g., moving from p < .05 to .01) reduces 
statistical power while increasing the probability of committing a Type II error.  
Regardless of which p-value is used, critical values are dependent upon the 
information known about the response (Hyde et al., 1998).  
 
Regardless of which criterion value is used, objective detection algorithms must 
be able to parse out the elements that make up the overall response.  That is, 
any evoked potential will contain the signal and noise. While completely 





attempt to estimate them and determine if there is a significant difference 
between the signal and noise.  As a result, these algorithms will determine if the 




Signal and noise estimation 
 
So how are the signal and noise components estimated in evoked potentials? 
The relationship is typically quantified by representing the signal and noise as a 
ratio (i.e., signal-to-noise ratio or SNR). There are multiple methods to calculating 
SNR; but generally, signal amplitude is divided by some noise estimate.  To 
accurately determine SNR, the signal and noise in the recording must be 
accurately estimated and modeled by the algorithm.   
 
Noise, defined as undesired signals in the response, is thought to be random and 
non-deterministic, which cannot be expected to have a predictable amplitude 
from successive presentations of a stimulus (M. Don et al., 1984; Elberling & 
Don, 1984). Under normal circumstances, noise is assumed to have a normal 
distribution and zero mean amplitude. In addition, the precise level of noise in a 






The underlying noise in evoked potentials arises from a variety of different 
sources including subject factors, poor electrode connectivity, electromyography 
(EMG), and electric interference (Madsen et al., 2018).  In general, algorithms 
that do not rely on a template waveform require estimation of the underlying 
noise level that may be present during the recording in real time.  Noise 
estimation can either also be done theoretically or empirically.  For example, 
Salomon 1974 used a theoretical approach to noise estimation known as the 
rank-correlation technique.  The noise estimate was determined by ranking 
values of the response using Friedman’s test with the assumption that noise 
amplitude occurs randomly (e.g., 1-8) as opposed to a predictable rank when a 
signal was present and was ranked from high to low (Salomon, 1974). However, 
problems arose with the use of theoretical noise estimates for use in non-
template methods such that biologically evoked responses (e.g., 
electroencephalography or EEG) since noise can be are highly variable and 
affected by a wide range of subject factors including state of awareness, sleep, 
etc. (Ozdamar et al., 1990).   
 
Beginning in the 1960s, Schimmel and colleagues developed an alternative to 
the rank-correlation technique and used a method of averaging noise known as 
the plus-minus method.  Under the plus-minus method, noise (v) can be broken 
down into two separate components, x and u, where x represents the underlying 
random noise and u reflects activity that is due to the stimulus, either of which 





reference, averages of v were assumed to contain a response and were 
alternatively added, subtracted, and divided by the number of stimulus 
presentations (i.e., sweeps), N.  These early methods of noise estimation were a 
common approach at the time. In 1980, Wong and Bickford modified the use of 
the plus-minus method by alternatively adding and subtracting sweeps to 
produce two separate waveforms – one containing the signal (i.e., present 
response) and one containing estimation of the noise.  The average response 
after N samples was defined as:  
 
𝐴𝑛(𝑡) = 𝑠(𝑡) + 𝑛(𝑡) 
 
where s(t) represents the signal and n(t) represents the noise across time (t).  
AN(t) is the average sum of the noise components, which is assumed random 
and in the order of 1/√N since each successive waveform addition is followed by 
a subtraction, effectively cancelling out the contribution of the signal. As a result, 
the relative contribution of the signal to noise is zero, since AN(t) is assumed the 
average noise and/or all non-stimulus related information.  This method provided 
an accurate noise estimate of EEG potentials (Wong & Bickford, 1980).  
 
The work by Wong and Bickford allowed for the formation of a ratio between the 
signal and noise estimates.  Estimating noise using the plus-minus method was 
advantageous because the components of the signal and noise were statistically 





the recording in real time (i.e., online) and was an inexpensive method to 
implement into clinical equipment.  Wong and Bickford described four main 
advantages to the plus-minus method of noise estimation: 1) it guided the 
clinician with measuring average response components, 2) it estimated the 
variability of the response of both signal and noise, 3) it monitored background 
noise and frequency components, 4) and determined if there’s an interaction 
between the stimulus and background noise (Schimmel, 1967; Wong & Bickford, 
1980). This ratio allowed Wong and Bickford to test the relationship between the 
signal and noise to determine statistical significance.  It was from these 
techniques that laid the foundation for Fsp. A few years later in 1984, Don and 
Elberling developed an algorithm that could estimate noise based on its variance 
in the average waveform at a single latency point – developing an algorithm that 




Theoretical framework of Fixed Single Point (Fsp)  
 
Fsp is one of the most used objective detection methods in the time domain and 
has many clinical applications.  Fsp was originally developed by Elberling & Don 
1984 and calculates the variance of the expected signal by the variance of a 
noise estimate represented by a single point (SP) in time during the pre- or post-





et al., 1984; Manuel Don, 1989; Manuel Don & Elberling, 1996; Elberling & Don, 
1984, 1987b, 1987a; Elberling & Wahlgreen, 1985a; Novis & Bell, 2019; Pepe & 
Neely, 1995; Y. S. Sininger & Don, 1989a; Yvonne S. Sininger, 1993). The 







where VAR(S) represents the variance of the signal during a specified time 
window for which the signal is expected to occur.  VAR(SP) represents the 
underlying noise estimate determined by a single latency point in time (e.g., -2 
msec).  The variance of the signal is divided by the variance of the noise 
estimate and provides a measure of SNR. According to the methods described 
by Elberling and Don 1984, signal variance is typically calculated over this 
specified time window over successive sweeps as desired signals are assumed 
to be deterministic. In other words, the variance (variability) of the signal should 
remain constant over successive sweeps if the signal is present during the 
recording. Contrary to signal variance, the assumptions of the noise estimate, 
assumed to be random, is calculated from a single latency point (e.g., -2 msec) 
over successive sweeps over a predetermined block of sweeps over a 
predetermined block of sweeps (e.g., calculated every 8 sweeps).   
 
At the same time, Fsp calculates the cumulative variance of the noise estimate 





recording reaches its final average.  At the end of each sweep block, variance 
estimates for the both the signal (i.e., VAR(S)) and the noise (i.e., VAR(SP)) are 
calculated and divided, providing a ratio (Fsp) at each block (i.e., Fsp).  Once a 
specified criterion value is reached, the response is considered present. If the 
signal is present, Fsp will increase as the number of sweeps increase (M. Don et 
al., 1984; Elberling & Don, 1984).  
 
Fsp is often represented as an F-ratio and can be tested as such since its values 
form an F-distribution (M. Don et al., 1984; Elberling & Don, 1984; Yvonne S. 
Sininger, 1993). One consistent drawback to Fsp over the years has been the use 
of degrees of freedom, specifically for the signal (Elberling & Don, 1984). For 
example, when the low-frequency components of physiologic potentials are 
introduced into the recording (unknown to the algorithm), the distribution of the 
signal can be affected (Elberling & Don, 1984).  Elberling and Don determined 
that if conservative degrees of freedom were used, the algorithm could still be 
applied with high accuracy. Nevertheless, the degrees of freedom for the signal 
can result in reduced statistical power.  
 
 
Clinical applications of Fsp  
 
Despite some drawbacks with degrees of freedom, Fsp has been studied when 





influenced newborn hearing screening as it has been adopted in most, if not all, 
ABR-screening software programs (Norton et al., 2000; Yvonne S. Sininger, 
1993; Yvonne S. Sininger et al., 1997, 2000). While threshold estimation by Fsp is 
not as good behavioral techniques, Fsp is a fairly accurate predictor of hearing 
thresholds across different types of stimuli (e.g., click or tone burst) and is usually 
within 5-6 dB of behavioral thresholds in normal hearing subjects and within 10 
dB of individuals mild to profound hearing loss (Elberling & Don, 1987b; Y. S. 
Sininger & Don, 1989a). Fsp is also an acceptable method that reduces recording 
time by determining the amount of sweeps needed before stopping a recording 
(Manuel Don & Elberling, 1996).  
 
The relationship of Fsp across stimulus level in auditory evoked potentials is well 
known. There is a positive linear correlation between Fsp and stimulus level when 
applied to the ABR.  That is, as stimulus level increases, Fsp also increases 
(Yvonne S. Sininger, 1993). Studies investigating how stimulus level affects 
detection time has been explored.  Typically, in relation to the detection criterion 
for Fsp, the number of sweeps required to meet the criterion increased as the 
stimulus level decreased (King & Sininger, 1992; Yvonne S. Sininger, 1993). As 
a result, this can affect the number of sweeps required near threshold level 
prolonging recording time (Yvonne S. Sininger, 1993). Fsp allowed recordings to 
be characterized by their SNR and this objective approach has not only been 





hearing thresholds (Elberling & Don, 1987b; Y. S. Sininger & Don, 1989b; 
Yvonne S. Sininger, 1993).   
 
 
The VEMP signal  
 
While there is a rich history applying Fsp to auditory evoked potentials, we still do 
not know if Fsp can generalize to other evoked potentials (e.g., VEMPs). Let us 
begin with discussing what we do know about VEMPs.  
 
VEMPs are routine clinical tests of vestibular function. VEMPs can be 
subcategorized into two main types: cervical VEMPs (cVEMPs) and ocular 
VEMPs (oVEMPs). cVEMPs and oVEMPs are biphasic waveforms; cVEMPs 
consist of an initial positive peak followed by a negative peak while the oVEMPs 
consists of an initial negative peak followed by a positive peak. VEMPs can be 
recorded from many different muscle groups, but in clinical practice the response 
is often recorded from the sternocleidomastoid (SCM) or inferior oblique (IO) 
muscles for cVEMPs and oVEMPs, respectively.  
 
The underlying neurophysiology of VEMPs consists of a three-neuron arc. For 
cVEMPs, the response reflects activation of the vestibulocollic reflex (VCR) and 
consists of a primary vestibular afferent, vestibulocollic neurons (the interneuron), 





Halmagyi, G.M., Skuse, 1994). oVEMPs are thought to begin in the utricle and 
travel as part of the vestibulo-ocular reflex (VOR) synapsing on extraocular 
muscles (contralateral IO) (Iwasaki et al., 2008; Todd et al., 2007). Both cVEMPs 
and oVEMPs are elicited by presenting an air-conducted (AC) or bone-conducted 
(BC) sound to the inner ear, physically stimulating the saccule and utricle.   
 
For cVEMPs and oVEMPs, the peak-to-peak amplitude (visually detected) has a 
positive linear relationship to the stimulus level used to evoke the response. 
Unique to cVEMPs, the peak-to-peak amplitude also has a positive linear 
relationship with the underlying electromyography (EMG) activation stemming 
from the SCM (Akin et al., 2004; Colebatch, J. G., Halmagyi, G.M., Skuse, 1994).  
That is, higher EMG results in larger peak-to-peak amplitudes of the response. 
The cVEMP and oVEMP are important clinical tools used for diagnosing 
vestibular disorders. 
 
While the underlying pathways of cVEMPs and oVEMPs are quite different, the 
ultimate source of these responses is electromyography (EMG) measured via 
surface electrodes. Surface EMG signals are produced by the sum of motor unit 
action potential (MUAP) recruited by the muscle during contraction and controlled 
by the central nervous system. Since the brain controls the movement of 
muscles, the electrical activity of the muscles is similar to the electrical signal 
from the brain (e.g. EEG) (Amrutha & Arul, 2017; Cram et al., 1998). Like EEG, 





a wide range of conditions can increase the noise in surface EMG including 
equipment noise, ambient noise, motion artifact, and EMG instability (Amrutha & 
Arul, 2017).  That being said, one unique characteristic of EMG differentiating it 
from traditional EEG is that the amplitude of EMG can be voluntarily controlled 
increasing the level tonic muscle activation or contraction. As a result, this can 
increase both the desired signal (as well as the unwanted noise) (Cram et al., 
1998).  
 
Since VEMPs rely on visual detection, test interpretation can vary among 
examiners in cases of impaired vestibular function or when the level of required 
muscle contraction is low (Arnold, 1985; Faten Saeed Obeidat & Lewis Bell, 
2019). In addition, aging has shown numerous effects on the VEMP latency, 
amplitude, and response rates (Agrawal, 2012; Iwasaki et al., 2008; Janky & 
Shepard, 2009; Piker et al., 2011, 2013; Rosengren et al., 2011; Welgampola & 
Colebatch, 2001a) and can make visual detection of peaks more difficult. Over 
the last few years, some have looked for an alternative to visual detection.  
 
 
Fsp applied to VEMP detection  
 
There are a handful of studies that have applied Fsp to VEMP detection. In 2018, 
Obeidat and Bell investigated the effect of varying stimulus repetition rate on the 





quality.  They found that for a 500 Hz tone burst, Fsp decreased as stimulus rate 
increased. The authors concluded that increasing the stimulus rate increased the 
time Fsp took to reach the cutoff criterion. (Faten S. Obeidat & Bell, 2018). While 
limited, these findings suggested that Fsp may be sensitive to changes in stimulus 
parameters when applied to VEMPs.  
 
In 2019, Obeidat and Bell attempted to measure saccular tuning curves using 
cVEMPs and several different objective detection techniques.  Here, the authors 
used Fsp to detect responses at cVEMP threshold.  They compared objective 
detection algorithms to three experienced examiners using visual detection.  The 
authors found Fsp was comparable to visual detection (Faten Saeed Obeidat & 
Lewis Bell, 2019). These findings continue to support the notion that Fsp can be 
applied to VEMPs. 
 
To the best of our knowledge, there is one study applying Fsp to oVEMPs by 
Parker-George and colleagues in 2016.  In the study, the authors used Fsp for 
oVEMP response detection while investigating the feasibility of measuring 
oVEMPs when the stimulus was applied to the teeth.  While Fsp was not the focus 
of this study, it was used to detect the response, nonetheless.  Findings 
suggested that responses detected by Fsp were at significantly lower thresholds 
for longer stimulus durations than those with shorter durations (Parker-George et 
al., 2016). These results provide further evidence that Fsp is influenced by 





Fsp responds similarly in VEMPs as it does in auditory evoked potentials, but this 
has never been explored.  
 
While similar, VEMPs and AEPs are not the same underlying signal.  VEMPs are 
myogenic and the signal characteristics of EMG can be different from EEG, 
especially when the muscle is voluntarily activated or fatigued (Ferdjallah et al., 
2000). In addition, VEMPs also require active participation from the patient as 
opposed to some AEPs. Fsp has shown promise in earlier studies; however, a 
detailed and rigorous investigation into the reliability and validity in the use of Fsp 
in VEMP detection is warranted.  The results of which could have a significant 



















Applying objective detection algorithms to routine vestibular tests could have 
broad clinical implications. Visual detection becomes difficult and interrater 
reliability decreases when there is reduced vestibular function or when muscle 
contraction during the test is low (Arnold, 1985; Faten Saeed Obeidat & Lewis 
Bell, 2019). In addition, high stimulus levels and maximal EMG result in robust 
responses that are easily visualized and are typically considered a requirement 
during routine VEMP testing (Rosengren et al., 2019). However, more recent 
investigations examining the high levels of stimulation used during VEMP testing 
have raised concerns regarding noise exposure in children (Rodriguez et al., 
2018). In addition, the effect of age on EMG results in more variable responses 
along with a difficulty reaching higher levels of muscle contraction (Akin et al., 
2011a).  A detection method that allows for lower stimulus levels and less 
reliance on maximum EMG activation during the test is needed. There are only a 
handful of studies that have applied Fsp to VEMPs, though none have 
systematically investigated whether Fsp is sensitive to changes in stimulus and 
recording parameters during conventional VEMP testing. Our understanding of 
how Fsp responds in VEMP detection is limited. 
 
The purpose of this investigation was to characterize how Fsp responds to 








This chapter outlines the methodology and statistical analysis for the current 
study.   




All study protocols were approved by the university’s institutional review board 
(IRB# 20-1515). Twenty young healthy participants (M = 21.2, SD = 1.9; 19 
Females) were enrolled into the study protocol. All participants reported no 
known history of hearing or balance disorders and were screened using air 
conduction at 25 dB HL at 250, 1000, 2000, 4000, and 8000 Hz.  Air- and bone-
conduction threshold testing was performed at 500 Hz. Middle ear status was 
assessed using tympanometry and ipsilateral reflex testing at 1000 Hz was 
performed. Participants were excluded if they met any of the following criteria: 1) 
history of dizziness or balance complaints 2) history of ear or neurological 










Stimuli common to both cVEMP and oVEMP 
 
All stimuli were delivered via air conduction using ER3A Insert earphones.  
Stimuli consisted of transient blackman-gated tone bursts at 500 Hz with a 4 
msec duration (2-0-2).  Each stimulus was presented across a range of intensity 
levels including 123, 120, 115, 110, 105, 100, 95, and 90 dB peak-SPL (pSPL). 
Careful consideration was taken to ensure noise exposure from VEMP stimuli did 
not exceed 100% of the recommended daily dose per ear by the National 
Institute for Occupational Safety and Health (NIOSH) (Portnuff et al., 2017).  
 
Stimuli were calibrated to confirm accurate dB pSPL and were measured using a 
Larson Davis 824 sound level meter applied to a Larson Davis 2541 ½ inch free-
field microphone and 2cc coupler. While results were primarily reported in dB 
pSPL, equivalent dB normalized hearing level (dB nHL) was also reported to 
remain consistent with decibel levels commonly used during clinical VEMP 
testing. To convert to dB nHL, behavioral thresholds were measured in 20 
individuals to the tone bursts used in the current study. When compared with 
physical level, 0 dB nHL was equivalent to 33 dB pSPL at 500 Hz. Table 1 













Table 1. Stimulus levels in dB pSPL with corresponding values in dB nHL 
Corresponding physical levels in dB nHL (500 Hz) 
 
  














Data were collected from one ear and alternated for every participant.  cVEMPs 
and oVEMPs were recorded using Neuroscan CURRY 8 (Version 8.0.4 XS). 
Three multi-purpose snap electrodes were used.  For cVEMPs, the non-inverting 
electrode was placed on the belly of the left or right sternocleidomastoid muscle 
(SCM) and was also used to monitor electromyography (EMG) activation.  The 
reference or inverting electrode was placed at the top of the sternum while the 
ground electrode was placed on the forehead. Recordings were made from the 
ipsilateral SCM to stimulation. For oVEMPs, the non-inverting electrode was 
placed on the belly of the left or right inferior oblique muscle. The inverting 
electrode was placed on the left or right inner canthus of the eye with the ground 
electrode on the forehead (Sandhu et al., 2013).  Recordings were made from 





were set to 5 – 1500 Hz with epoch recording time between -20 to 80 msec. 
Each recording consisted of a minimum of 128 sweeps.    
 
For cVEMPs, EMG was monitored throughout the recording using a custom 
MATLAB program that passed data in real time.  This program displayed a visual 
bar graph that provided participants biofeedback about their tonic level of EMG 
activation.  A prestimulus baseline range of -20 to 0 msec was used to estimate 
EMG for all recordings.  Recordings were made across five different levels of 
EMG activation (10, 30, 50, 100, and 150 µV) reflecting different degrees of 
muscle contraction (from low to high).  Participants were instructed to maintain 
the desired level of EMG activation and breaks were given to reduce muscle 
fatigue. For oVEMPs, participants were instructed to maintain an approximate 
35° center-gaze angle across all conditions. Stimulus level and EMG target were 
randomized, and replications were performed for each recording. A minimum of 
80 and 16 individual recordings were collected from each participant for cVEMPs 





Responses were analyzed using visual and objective detection (i.e., Fsp). For 
visual detection, cVEMPs were labeled for latency and amplitude components 





amplitude.  Corrected peak-to-peak amplitude was calculated by dividing the 
peak-to-peak amplitude by the mean rectified EMG amplitude measured during 
each recording.  For visual detection of oVEMPs, responses were labeled for 
latency and amplitude components including N1 and P1 latencies and raw peak-
to-peak amplitude. A present cVEMP was defined by visual identification of a 
positive peak (e.g., occurring around 15 msec) followed by a negative peak (e.g., 
occurring around 24 msec). A present oVEMP was defined by a negative peak 
(e.g., occurring around 10 msec) followed by a positive peak (e.g., occurring 
around 16 msec). Three experienced examiners determined threshold level in all 
participants. 
 
For objective detection, Fsp was applied to every cVEMP and oVEMP recording 
following data collection (i.e., offline) using a custom algorithm written in 
MATLAB.  The algorithm calculated Fsp similar to the methods proposed by 
Elberling and Don 1984.  Fsp was applied to the first recording of all VEMP 
recordings. For cVEMPs, the signal estimate (i.e., numerator) was obtained by 
calculating the amplitude variance from a 10 to 33 msec time window (461 
points) during the poststimulus period – comparable to other studies applying Fsp 
to VEMPs (Faten Saeed Obeidat & Lewis Bell, 2019). For oVEMPs, a smaller 
time window of 10 to 25 msec (301 points) was used to calculate the signal 
estimate during the poststimulus period. The noise estimate (i.e., denominator) 
was obtained by calculating the variance from a single latency point (SP) at -2 





and oVEMPs. Figure 1 demonstrates the process of signal and noise estimation 
across successive sweeps.  
 
The cumulative variance of the noise estimate was computed by dividing the 
absolute variance of the SP by the number of sweeps. Fsp was calculated and 
updated every 8 sweeps by dividing the signal and noise estimate until the 
algorithm reached its 16th block or 128 sweeps. The final Fsp value at 128 sweeps 
was reported. A present response was defined as any Fsp value surpassing 4.04 






Figure 1: Representative recording of Fsp applied to a cVEMP. The signal estimate was obtained 
from a time window where the response was expected to occur (blue). The noise estimate was 
calculated from a single latency point during the prestimulus period (red arrow). Variance estimates 







cVEMP and oVEMP threshold was defined as the lowest stimulus level in which 
a present response was detected by either detection method. For visual 
detection, three experienced examiners determined threshold level by visually 
detecting responses from at least two individual replications across all conditions. 
Visual examiners were blinded to the threshold levels chosen by the other 
examiners. For objective detection, threshold level was determined by the lowest 
detectable response (above criterion value) at 128 sweeps.  
 
Calculation of Fsp criterion 
  
The criterion cutoff value was calculated by estimating Fsp when a response was 
not present. This provides an estimation of background noise during the 







where VAR(BN) represents the variance of specified time window where the 
response was not expected to occur while VAR(SP) represents the noise 
estimate at -2 msec. To achieve this, the time window normally used to calculate 
signal variance (cVEMPs = 10 to 33 msec / oVEMPs = 10 to 25 msec) was 
shifted to the prestimulus period to remove any contribution of the stimulus 
during the recording. That is, a -10 to -33 msec time window was used for 





methods described above to obtain a range of Fsp values with absent responses. 
Separate criterion values were calculated for cVEMP and oVEMP using 
recordings from all 20 participants. Recordings from the highest stimulus level 
(123 dB pSPL) were chosen to calculate Fsp for cVEMPs and oVEMPs. For 
cVEMPs, this was done across all EMG targets (10, 30, 50, 100, and 150 µV). 
Once Fsp was calculated, cumulative distribution functions (CDFs) of Fsp values 
were computed to find the Fsp value associated with 99% confidence. This 
provided an estimation of Fsp when the response was absent. This value was 
then compared to different theoretical F-distributions to find the distribution 
corresponding to the Fsp values calculated from the CDFs.  
 
For cVEMPs, the closest match came from a F-distribution with F(5,21) degrees of 
freedom (CDF = 4.03 / F(5,21) = 4.04). For oVEMPs, the closest match came from 
a F-distribution with F(13,25) degrees of freedom (CDF = 2.93 / F(13,25) = 2.93). As a 
result, Fsp values of 4.04 and 2.93 were chosen as the cutoff criterion with 99% 
confidence for cVEMPs and oVEMPs, respectively. That is, if Fsp surpassed this 
criterion value, the response was considered present. Figure 2 displays the 
cumulative distribution of Fsp values for cVEMPs and oVEMPs when the 














Figure 2: Cumulative distribution function of Fsp values representing physiologic noise for 20 
participants for cVEMPs (A), and oVEMPs (B). The Fsp value corresponding to 99% confidence is 














Data were analyzed using SPSS, version 27.0 (IBM SPSS Statistics for 
Windows, Armonk, New York). An alpha level of p < .05 was used for all 
statistical analyses. For cVEMPs, descriptive statistics including means and 
standard deviations of P1 and N1 latencies, raw and corrected peak-to-peak 
amplitudes, and mean EMG activation were reported. For oVEMPs, descriptive 
statistics including means and standard deviations of N1 and P1 latencies as well 
as peak-to-peak amplitudes were reported. Stimulus levels not containing 
present responses by either detection method (visual detection or Fsp) were 
excluded from the statistical analysis. That is, stimulus levels below 100 and 105 
dB pSPL for cVEMPs and oVEMPs, respectively, were not included in the 
statistical model. Several statistical analyses were performed to investigate the 
effect of stimulus level on Fsp when applied to cVEMPs and oVEMPs. Specific to 
cVEMPs, the effect of EMG activation level on Fsp was also investigated. Lastly, 
the effect of detection method on cVEMP and oVEMP threshold was explored.  
 
For cVEMPs, a repeated measures analysis of variance (RM ANOVA) with 
within-subject factors of stimulus level (6 levels) and EMG target level (5 levels) 
was performed on Fsp (dependent variable). Main effects and interactions 
between stimulus and EMG target level were examined.  Follow-up one-way 
ANOVAs were performed if significant interactions were present to determine 





with a within-subject factor of stimulus level (5 levels) was performed on Fsp to 
examine main effects of stimulus level. Where indicated, post-hoc analyses were 
performed if any significant differences were found in omnibus tests using 
Bonferroni corrections. To compare visual and objective detection (i.e., Fsp), a 
one-way RM ANOVA with a within subject-factor of detection method (visual 
detection and Fsp) was performed on cVEMP and oVEMP threshold level 





































This chapter discusses the results from statistical analyses reviewed in Chapter 
III across all participants.  
 
 
Tonic EMG activation during cVEMP recordings 
   
Figure 3A shows the individual and mean EMG activation for all participants from 
10 – 150 µV EMG targets. Participants’ average EMG was centered around the 
desired EMG target with larger variations observed at the higher EMG targets 











Figure 3: Bivariate plot demonstrating the relationship between EMG activation and desired EMG 
target level during cVEMP testing. A, Individual and mean EMG activation across all EMG target 
levels. B, Distribution of EMG activation across EMG target level.  
 
 
Descriptives – visually detected cVEMPs  
 
cVEMPs were visually detected in all participants, though not in all stimulus 
conditions. Figure 4 shows the grand averaged and individual cVEMP waveforms 
across stimulus level at the highest EMG target of 150 µV. Smaller peak-to-peak 
amplitudes were observed at lower stimulus levels. Response rates decreased 
as stimulus level decreased with no visually detected responses below 100 dB 
pSPL (Figs. 4).  The well-known relationship between EMG activation and peak-
to-peak amplitude was observed (Akin et al., 2004; Colebatch, J. G., Halmagyi, 
G.M., Skuse, 1994). Figure 5 shows the grand averaged and individual cVEMP 
waveforms across EMG targets at the highest stimulus level of 123 dB SPL.  
Larger but more variable peak-to-peak amplitudes were collected from higher 
levels of EMG activation. Response rates also decreased as EMG targets fell 





5). The descriptive cVEMP data for the 123 dB SPL condition is also provided in 
Table 2. Table 2 displays the Means and SDs across for P1 and N1 latency, raw 
and corrected P1-N1 amplitude, and EMG activation at 123 dB pSPL across all 








Figure 4: Grand averaged and individual cVEMP waveforms across stimulus level from 123 – 90 
dB pSPL at 150 µV EMG target level for all participants during cVEMP testing. The number of 







Figure 5: Grand average and individual cVEMP waveforms at 123 dB pSPL across EMG activation 














Table 2. Means and SDs of cVEMP P1 and N1 latencies, raw and corrected P1-
N1 amplitude, and mean rectified EMG across EMG target level at 123 dB pSPL.  
  Latency (msec)                                    Amplitude (µV) 
EMG Target 
(µV) 
n P1 Latency N1 Latency P1-N1 Corrected P1-N1  EMG 
150 20 16.1 (1.5) 23.2 (2.1) 351.6 (112.7) 2.3 (0.8) 150.5 (16.6) 
100 20 16.1 (1.5) 23.8 (1.8) 235.0 (77.0) 2.2 (0.8) 105.5 (10.4) 
50 20 16.6 (1.6) 24.6 (2.2) 113.9 (38.4) 2.1 (0.7) 51.8 (2.7) 
30 20 16.7 (1.7) 25.9 (2.0) 64.5 (18.7) 2.0 (0.5) 31.9 (2.9) 




Descriptives – Fsp detected cVEMPs  
 
Fsp was applied to all cVEMP recordings after data collection was complete 
(offline). A summary of Fsp data is displayed in Figure 6 showing the final mean 
Fsp value at 128 sweeps across stimulus level at each EMG target. The Fsp 
criterion value of 4.04 is shown as a horizontal blue line. That is, Fsp values 
above 4.04 indicated a present response with 99% confidence (Fig. 6). These 
data are also provided in Table 3. At 10 µV, three responses were detected 











Figure 6: Grand average Fsp values at 128 sweeps in cVEMPs across stimulus level at each EMG 
target level for all participants. Significant Fsp values are defined by a significant criterion of 4.04 
(blue horizontal line). 
 
 
Table 3. Means and SDs of Fsp values across stimulus level at each EMG target 
level in cVEMPs.  
Stimulus Level  Fsp 
  EMG Target Level (µV) 
dB pSPL          n 150 100 50 30 10  
123 20 56.2 (39.4) 49.2 (32.1) 45.3 (31.6) 37.9 (19.8) 0.9 (1.0) 
120 20 34.0 (27.0) 34.9 (24.1) 35.4 (24.4) 23.9 (12.5) 1.5 (2.6) 
115 20 20.5 (18.5) 18.4 (12.1) 19.0 (15.6) 13.5 (8.4) 1.1 (1.4) 
110 20 6.9 (6.3) 6.5 (5.5) 7.3 (6.2) 4.3 (3.3) 0.5 (0.4) 
105 20 3.1 (3.9) 2.5 (2.2) 1.8 (1.7) 1.9 (1.5) 0.7 (0.8) 
100 20 0.9 (0.6) 1.4 (0.9) 1.3 (0.9) 0.8 (0.5) 0.6 (0.5) 
95 20 0.9 (0.6) 0.9 (0.5) 0.8 (0.5) 0.9 (0.6) 0.6 (0.6) 
90 20 0.7 (0.4) 0.8 (0.5) 1.0 (0.6) 0.7 (0.3) 0.4 (0.4) 










Stimulus level x EMG activation – Fsp detected cVEMP  
   
The effect of stimulus level and EMG activation on Fsp was investigated in 
cVEMPs. Stimulus levels where no responses were identified (by either visual 
detection or Fsp) were excluded from the statistical analysis (i.e., 90 and 95 dB 
pSPL). A 6 x 5 RM ANOVA revealed a significant interaction between stimulus 
level and EMG activation (F(3.7, 70.7) = 18.992, p < .001, 𝜂𝑝
2 = .500). The 
significant interaction between stimulus level and EMG activation is shown in 
Figures 6 and 7; the pattern of Fsp across stimulus level was similar for each 
EMG target except for 10 µV (Figs. 6, 7).  
 
Due to the significant interaction between stimulus level and EMG activation on 
Fsp, follow up one-way ANOVAs were performed to determine the simple main 
effects of stimulus level at each EMG target level. One-way ANOVAs revealed a 
simple main effect of stimulus level at all EMG targets with the exception of 10 
µV (F(2.1, 40.3) = 1.525, p = .229).  That is, a significant main effect of stimulus 
level on Fsp was observed at 150 µV (F(1.3, 24.7) = 33.521, p < .001, 𝜂𝑝
2 = .638), 
100 µV (F(1.2, 24.6) = 40.142, p < .001, 𝜂𝑝
2 = .679), 50 µV (F(1.4, 28.0) = 
34.178, p < .001, 𝜂𝑝
2 = .643), and 30 µV (F(1.5, 29.0) = 59.767, p < .001, 𝜂𝑝
2 = 
.759). To investigate where the significant differences occurred, post-hoc 
analyses using Bonferroni corrections were performed and revealed that at a 
fixed EMG target, Fsp increased significantly with each increase in stimulus level 





= .383). On average, when EMG activation was held constant at and above 30 
µV, Fsp increased as stimulus level increased and demonstrated a positive linear 






Figure 7: Individual and mean Fsp values at 128 sweeps in cVEMPs across stimulus level at 150 
(A), 100 (B), 50 (C), 30 (D), and 10 µV €.  At 110 dB pSPL and above, significant Fsp values were 




To investigate the effect of EMG activation, a follow up one-way ANOVA was 
performed to determine the simple main effect of EMG activation on Fsp. A simple 
main effect of EMG activation on Fsp was significant at 123 (F(2.6, 50.0) = 
24.530, p < .001, 𝜂𝑝
2 = .564), 120 (F(2.1, 40.6) = 21.957, p < .001, 𝜂𝑝
2 = .536), 
115 (F(2.4, 45.7) = 15.735, p < .001, 𝜂𝑝
2 = .453), 110 (F(2.7, 51.5) = 13.186, p < 
.001, 𝜂𝑝
2 = .410), 105 F(1.8, 35.8) = 3.662, p = .009, 𝜂𝑝
2 = .162), and 100 dB 
pSPL F(2.7, 37.4) = 5.046, p = .005, 𝜂𝑝
2 = .210). The specific differences were 
determined by follow up post-hoc analyses using Bonferroni corrections which 










revealed that Fsp significantly increased from 10 – 30 µV EMG targets (p < .05). 
However, from 30 – 150 µV EMG target levels, there was no significant 
difference in Fsp across EMG target level (p > .05). The effect of EMG activation 
can be observed in Figure 8 which displays individual and mean Fsp across each 
EMG target level at a fixed stimulus level (123 dB pSPL). On average, Fsp is 
comparable at and above 30 µV and did not significantly benefit from higher 
levels of muscle contraction (Fig. 8). This is contrary to the relationship between 
peak-to-peak amplitude and EMG activation shown in Figure 9 where peak-to-
peak amplitude decreases as EMG activation decreases at a fixed stimulus level 








Figure 8: Individual and mean Fsp values at 123 dB pSPL in cVEMPs across EMG target level. 











Figure 9: Individual and peak-to-peak amplitudes in cVEMPs across stimulus level at 150 (A), 100 




Present responses at 10 µV  
 
Three responses in the 10 µV EMG target condition were present visually and 
three were present when detected by Fsp – each originating from different 
participants (6 total). These recordings could not be included in the overall 
statistical model; however, these data will now be described. The six present 
responses at 10 µV are shown in Figure 10 with those detected visually shown in 
the top row (Fig. 10A) and those detected by Fsp shown in the bottom row (Fig. 
10B). The waveforms where a response was detected by each detection method 
are highlighted in black. The peak-to-peak amplitudes for the responses detected 
visually were 3.6, 12.4, and 4.6 µV. The Fsp values or the responses detected 
objectively were 9.2, 8.5, and 5.2. 





























Figure 10: cVEMP waveforms of individual subjects at 10 µV that were detected visually (top row) 
and by Fsp (bottom row). The black traces are the waveforms used by each detection method (visual 















Descriptives – visually detected oVEMP  
 
oVEMP recordings were obtained from all 20 participants enrolled in the study. 
Figure 11 displays grand averaged and individual oVEMP waveforms across 
stimulus level. Peak-to-peak amplitudes across stimulus level are shown in 
Figure 12. Similar to what was observed with cVEMPs, oVEMPs followed 
expected trends with smaller peak-to-peak amplitudes observed at lower 
stimulus levels and a decrease in response rate at lower stimulus levels (Fig. 11). 
A positive linear relationship (shown in Figure 12) between peak-to-peak 
amplitude and stimulus level was observed (Fig. 12).  Table 4 displays the 







Figure 11: Grand averaged and individual oVEMP waveforms across stimulus level from 123 – 90 
















Table 4. Means and SDs of N1 and P1 latencies, raw N1-P1 amplitude for 
oVEMPs collected from all participants at 123 dB pSPL.  
 
         Variable  n Mean 
N1 Latency (ms) 
P1 Latency (ms) 
N1-P1 Amplitude (µV) 
20 11.3 (1.0) 
20 16.3 (.04) 






Figure 12: Individual and peak-to-peak amplitudes in oVEMPs across stimulus level.  
 
 
Descriptives – Fsp detected oVEMP  
 
For objective detection of oVEMPs, Fsp was applied to all recordings offline. 





stimulus level. Similar to cVEMP, the largest Fsp was observed at the highest 
stimulus level (Table 5).  
 
Table 5. Means and SDs of Fsp values across all stimulus levels in oVEMPs.  
 
 Stimulus Level        
dB pSPL  n Fsp 
123 20 136.5 (191.6) 
120 20 81.3 (108.1) 
115 20 21.0 (35.2) 
110 20 4.1 (6.4) 
105 20 1.3 (0.8) 
100 20 1.1 (0.5) 
95 20 0.9 (0.4) 
90 20 0.7 (0.4) 




Stimulus level – Fsp detected oVEMP  
 
Stimulus levels where no responses were identified (90, 95, and 100 dB pSPL) 
were excluded from the statistical analysis. To determine if there was a 
significant effect of stimulus level on Fsp, a one-way ANOVA was performed and 
revealed a significant main effect of stimulus level (F(1.0, 20.3) = 10.145, p = 
.004, 𝜂𝑝
2 = .348). Follow-up post-hoc analyses using Bonferroni corrections 
indicated that Fsp significantly increased with each increase in stimulus level (p < 
.05) with the exception of 120 when compared to 123 dB pSPL (p = .170). The 
effect of stimulus level on Fsp can be observed in Figure 13. On average, Fsp 
increased as stimulus level increased and demonstrated a positive linear 







Figure 13: Grand average Fsp values at 128 sweeps in oVEMPs across stimulus level for all 





Detection method – cVEMP  
 
cVEMP thresholds were visually determined by three experienced examiners and 
compared to the threshold levels that were detected by Fsp. The present 
responses at 10 µV were excluded from the statistical analysis. To determine the 
level of agreement between visual examiners for cVEMPs, Fleiss' kappa was 





between examiners at 150 µV (K =.536 [95% CI, .297 to .776], p < .001), 100 µV 
(K =.774 [95% CI, .506 to .1.04], p < .001), 50 µV (K =.591 [95% CI, .339 to 
.843], p < .001), and 30 µV (K =.636 [95% CI, .351 to .921], p < .001). To 
compare detection method on cVEMP threshold, a 2 x 4 RM ANOVA was 
performed and did not reveal a significant interaction between detection method 
and EMG activation (F(2.4, 47.1) = 7.518, p = .388). As a result, the main effects 
were explored which revealed a significant main effect of detection method on 
cVEMP threshold (F(1.0, 18.0) = 41.595, p < .001, 𝜂𝑝
2 = .698). Post-hoc tests 
with Bonferroni corrections revealed that visual detection identified cVEMP 
threshold level approximately 4 dB lower on average than Fsp at each EMG 
target (p < .001). A main effect of EMG activation was not statistically significant 
on cVEMP threshold (F(1.6, 29.9) = 2.324, p = .123). These data are highlighted 
in Figure 14 which shows the average cVEMP threshold level by visual detection 
and Fsp along with the distribution of threshold level by EMG target (Fig. 14A, B). 
Figure 15 displays bivariate scatterplots of cVEMP threshold between visual 
detection and Fsp. cVEMP threshold level was consistently higher across EMG 
target when detected by Fsp compared to when threshold was determined by 
visual detection. Individual threshold differences between detection method 









Figure 14: A, Mean cVEMP threshold level by visual detection and Fsp across EMG target level for 










Figure 15: Bivariate scatterplots between detection method (visual and Fsp) at 150 (A), 100 (B), 50 




Detection method – oVEMP  
  
oVEMP thresholds were also visually determined by three experienced 
examiners and compared threshold levels identified by Fsp. To determine the 
level of agreement between visual examiners for oVEMPs, Fleiss' kappa was 
used and showed that there was fair agreement between examiners (K =.369 
[95% CI, .063 to .675], p = .018). To compare detection methods on oVEMP 
threshold, a one-way ANOVA was performed and revealed a significant main 






2 = .193). Post-hoc tests with Bonferroni corrections revealed that visual 
detection identified oVEMP threshold approximately 3 dB lower on average than 
Fsp (p = .046). Figure 16A displays mean oVEMP threshold level by visual 
detection and Fsp. The distributions of threshold level by detection method are 
also shown (Fig. 16B). Bivariate scatterplots of oVEMP threshold level between 
visual detection and Fsp displays that individual oVEMP threshold trended higher 
when detected by Fsp compared to when threshold was detected by visual 
detection. Individual threshold differences between detection method (visual and 




Figure 16: A, Mean oVEMP threshold level by visual detection and Fsp for all participants. B, 
oVEMP threshold distribution for each detection method. C, Bivariate scatterplots between 




Fsp-intensity functions of cVEMPs and oVEMPs 
 
To better understand Fsp behavior above VEMP threshold, Fsp-intensity functions 





level (dB SL) to reduce the variability observed between participants when using 
the physical level as the stimulus level. Zero dB SL represents cVEMP and oVEMP 
threshold. Individual and mean Fsp-intensity functions across dB SL for cVEMPs 






Figure 17: Individual (A, C) and mean (B, D) Fsp-intensity functions for cVEMPs (top row) and 
oVEMPs (bottom row).  
 
 
Additional analyses were performed on log-transformed Fsp-intensity functions 
(Figure 18) using simple linear regression to examine whether the rate of growth 





Not surprising, dB SL was predictive of Fsp at all cVEMP EMG targets at 150 µV 
(t(106) = 24.117, p < .001, R2 = .846, [y = .076x + .773]), 100 µV:  (t(111) = 22.233, 
p < .001, R2 = .817, [y = .068x + .734]), 50 µV:  (t(106) = 22.433, p < .001, R2 = 
.826, [y = .073x + .783]), and 30 µV; (t(105) = 21.157, p < .001, R2 = .810, [y = 
.068x + .739])]. The same was also observed for oVEMPs (t(101) = 18.513, p < 
.001, R2 = .772, [y = .094x + .838]). Subsequently, paired samples t-tests showed 
that the regression slope for oVEMP was not significantly different from any of the 
regression slopes for cVEMPs (p > .05). That is, regardless of what the actual Fsp 
value was, the rate of growth in Fsp was similar across cVEMP and oVEMP when 
responding to changes in stimulus level (Fig. 18).  
 
 










Corrected (normalized) amplitude is widely used to reduce the variability of EMG 
on the response and is considered a measure of SNR (McCaslin et al., 2014; 
Rosengren et al., 2019). Corrected amplitude is calculated by dividing the peak-
to-peak amplitude by the mean rectified EMG amplitude during the recording. 
Since corrected amplitude is considered a measure of SNR, it makes sense to 
compare it to the behavior of Fsp.  To accomplish this, a Pearson product-
moment correlation was performed to determine the relationship between Fsp and 
corrected amplitude. There was a strong, positive correlation between Fsp and 
corrected amplitude, which was statistically significant at 150 µV (r = .869, n = 
20, p < .001), 100 µV (r = .940, n = 20, p < .001), 50 µV (r = .889, n = 20, p < 
.001), and 30 µV (r = .859, n = 20, p < .001). Fsp and corrected amplitude could 
not be compared at 10 µV. As shown in Figure 19, both Fsp and corrected 










Figure 19: Average corrected peak-to-peak amplitudes (A) and Fsp (B) at 123 dB pSPL in cVEMPs 




















The current chapter discusses the results from each statistical analysis 
performed in Chapter IV and compares it to the VEMP and ABR literature.  
 
The overall goal of the current investigation was to better understand the 
behavior of Fsp when applied to cVEMPs and oVEMPs to gain a comprehensive 
understanding of common VEMP parameters when an objective detection 
algorithm (Fsp) was used. A detailed investigation of stimulus level and EMG 
activation showed robust effects of stimulus level on Fsp for cVEMPs and 
oVEMPs, with less of an effect of EMG for cVEMPs once EMG is 30 µV or 
greater. There were also small differences in VEMP threshold level when 
detected by visual detection and Fsp in cVEMPs and oVEMPs with visual 
detection thresholds being 3-4 dB lower on average. Due to the limited research 
of Fsp applied to VEMP detection, several comparisons will be made to studies of 
Fsp applied to ABR detection.  
 
 
Effect of stimulus level on Fsp  
 
The hypothesis of a positive linear relationship between stimulus level and Fsp 





detection, Fsp had a clear and predictable relationship with the level of stimulation 
to the ear (Fig. 7). For cVEMPs, the main finding was that Fsp increased as a 
function of stimulus level from 100 – 123 dB pSPL (Fig. 7; Table 4). For oVEMPs, 
Fsp also increased as a function of stimulus level from 105 – 123 dB pSPL except 
when stimulus level was increased from 120 to 123 dB pSPL (Fig. 13; Table 5). 
Responses across this range of stimulus levels were also considered present 
(above criterion value). These results are similar to the effect of stimulus level on 
visually detected peak-to-peak amplitude in both cVEMPs and oVEMPs 
(Colebatch, J. G., Halmagyi, G.M., Skuse, 1994; Murnane et al., 2011).  The 
increase in Fsp because of stimulus level primarily reflects an increase in 
variability (variance) within the time window used for the estimation of the signal 
(numerator) for Fsp. That is, as peak-to-peak amplitude (peaks and troughs of the 
waveform) of cVEMPs and oVEMPs increase due to increased stimulation to the 
ear, the difference between the signal and noise estimate (denominator) grows, 
consistent with how Fsp functions when applied to auditory evoked potentials (M. 
Don et al., 1984; Elberling & Don, 1984).  
 
Fsp has a positive linear relationship with stimulus level when applied to ABR 
waveforms. That is, higher stimulus levels result in larger Fsp values – leading to 
a better SNR or response “quality”. The relationship between stimulus level and 
Fsp has been documented extensively in the ABR literature (Cebulla et al., 2000; 
M. Don et al., 1984; Manuel Don, 1989; Manuel Don & Elberling, 1996; Elberling 





Pepe & Neely, 1995; Y. S. Sininger & Don, 1989a; Yvonne S. Sininger, 1993). 
The effect of stimulus level on Fsp has a simple explanation, one that is primarily 
due to the placement of the time window used to estimate the signal. That is, 
assuming the time window encompasses the desired signal, higher stimulus 
levels will elicit larger variations in the waveform which add to the variance of the 
signal not accounted for by noise contamination. The location of the time window 
used to estimate the signal has shown to decrease the effect of stimulus level on 
Fsp. That is, when the time window does not fully encompass the signal, the 
relationship between Fsp and stimulus level breaks down. Higher stimulus levels 
will not result in larger Fsp values (Don et al., 1984). 
 
When applied VEMP waveforms, Fsp demonstrated a similar relationship with 
stimulus level. To our knowledge, this is the first report that described a detailed 
effect of stimulus level on Fsp when applied to cVEMPs and oVEMPs. For 
cVEMPs, Obeidat and colleagues applied Fsp using a fixed stimulus level (119 dB 
pSPL) while varying the rate of the stimulus rate. At a 5/second stimulus rate 
(comparable to the rate used in this study), average Fsp was 15 compared to 34 
observed in the current study. Our Fsp values for this condition were 
approximately doubled in size. These differences could be due to differences in 
muscle contraction and range of subject demographics (25 – 48 years and 19 – 
27 years) when compared to the current study (Faten S. Obeidat & Bell, 2018). 
Given that peak-to-peak amplitudes can decrease with increasing age, it is 





(Agrawal, 2012; Iwasaki et al., 2008; Kimanh D. Nguyen, BS1, Welgampola and 
Carey, 2011; Piker et al., 2013; Welgampola & Colebatch, 2001b).  
 
The Fsp-intensity functions shown in Figures 17 and 18 (represented in dB SL) 
showed that the rate of growth (slopes) in Fsp between cVEMPs and oVEMPs 
were not significantly different (Figs. 17A – D, 18). To the best of our knowledge, 
this is also the first time the slope describing the rate of growth in Fsp across 
stimulus level has been defined. However, slopes across stimulus level have 
been previously described for peak-to-peak amplitudes and SNR. Govender et 
al. (2016) compared the slopes of response amplitude across stimulus level 
collected from normal individuals and those diagnosed with superior semicircular 
canal dehiscence (SSCD). Those with SSCD exhibited a flat slope across 
stimulus level when compared to the normal group (Govender et al., 2016). That 
is, increases in stimulus level above VEMP threshold did not result in larger 
response amplitude in the group with SSCD. Given these differences, it is 
possible that Fsp may be sensitive to the differences in slopes (across stimulus 
level) in certain clinical populations (e.g., SSCD). SNR-intensity functions have 
also been described. Todd et al (2010) measured SNR in cVEMPs and oVEMPs 
using a method similar to corrected amplitude and found that even though SNR 
was larger in oVEMPs, the slopes of cVEMPs and oVEMPs above threshold 






There are basic theoretical assumptions that can explain the changes observed 
in signal and noise estimate due to stimulus level. To reiterate, objective 
detection algorithms (such as Fsp) are only as good as what is known about the 
response. That is, the chosen specified time window (10 – 33 msec for cVEMPs 
and 10 – 25 msec for oVEMPs) encompasses the signal we are attempting to 
detect. The desired signal (derived from the specified time window) is assumed 
to remain constant in magnitude from sweep to sweep (the magnitude of the will 
not fluctuate if present). This is different from what is assumed from the noise 
source (stationary). That is, when the noise source is held constant, noise will 
randomly fluctuate and as averages are taken across sweeps and will move 
closer and closer to zero (Elberling & Don, 1984). Noise will continue to decrease 
in amplitude as a function of the square root of the number of sweeps (√N rule) 
(Elberling & Don, 1984). In the case of VEMPs, the background noise (tonic EMG 
activity), if held constant, will also be reduced with increased signal averaging 
across sweeps.  
 
 
Effect of EMG activation on Fsp 
  
The effect of EMG activation on Fsp demonstrated that when EMG activation is 
increased above 30 µV; Fsp did not significantly increase and did not benefit from 
higher degrees of muscle contraction (Fig. 8). These results are contrary to what 





to the level of tonic EMG activity during the cVEMP recording (Fig. 9). Although 
raw peak-to-peak amplitude is still larger at higher EMG targets, the noise source 
(EMG) also increases and becomes more variable (Fig. 3B). Fsp is an estimate of 
SNR and the ratio between the signal and noise does not change across higher 
levels of muscle contraction (30 – 150 µV). The studies that have applied Fsp to 
VEMP detection have not reported results across varying degrees of muscle 
contraction (EMG target level) and cannot directly be compared to our results.  
 
Figure 20 shows the relationship between the signal and noise estimates for 
each level of EMG activation. The properties of EMG can explain why the signal 
and noise variance increase together. The source of the signal and noise in 
cVEMPs primarily reflects activity from the sternocleidomastoid muscle with 
minimal influence from outside noise sources (Colebatch & Rosengren, 2019; 
Rosengren et al., 2019). That is, increases in muscle activity primarily affects 










Figure 20: cVEMP signal (solid line) and noise (dashed line) variance across stimulus level at 150 
(A), 100 (B), 50 (C), 30 (D), and 10 (E).   
 
 
These properties of EMG differ from one of the basic assumptions of objective 
detection algorithms. That is, the signal and noise components that make up the 
response originate from different sources (Elberling & Don, 1984). Since the 
signal in VEMPs is directly proportional to the level of background noise activity 
(EMG), it may not actually require the background noise to remain stationary 
during the recording. This is different when Fsp is applied to ABRs. In ABRs, any 
non-stationary noise can increase the noise estimate and decrease Fsp. Elberling 
and Wahlgreen applied a Baysean weighting scheme to the algorithm to prevent 
spontaneous (non-stationary) noise from negatively affecting Fsp (Elberling & 
Wahlgreen, 1985b). When Baysean weighting was applied, any non-stationary 
















noise introduced into the recording was given a lesser weight than noise that was 
remained stationary. This decreased the negative effect of non-stationary noise 
on Fsp. In the case of cVEMPs, a Baysean weighted scheme may not be 
necessary since the signal (peak-to-peak amplitude) is proportional to the level of 
background noise (EMG). On average, our results indicate that Fsp may not be 
adversely affected by background noise in VEMPs as it is when applied to the 
ABR.  
 
The relationship between peak-to-peak amplitude and EMG activation is well 
known (Akin et al., 2004; Colebatch, J. G., Halmagyi, G.M., Skuse, 1994). That 
is, there is a positive linear correlation between peak-to-peak amplitude and 
EMG activation (Akin et al., 2004). Figure 21 demonstrates the differences in the 
effect of EMG activation on peak-to-peak amplitude (used for visual detection) 
and Fsp. As expected, a linear increase in peak-to-peak amplitudes (Fig. 21A) is 
observed as opposed to the plateau effect Fsp demonstrates across varying 
degrees of muscle contraction (Fig. 21B). As described above, the plateau effect 
Fsp demonstrates can be explained by the parallel increases in signal and noise 








Figure 21: Individual and mean peak-to-peak amplitudes (A) and Fsp (B) at 123 dB pSPL in 




Relationship to other measures of signal-to-noise ratio 
 
When the behavior of Fsp was compared to corrected amplitude (a measure of 
SNR), a strong positive correlation was observed and both demonstrated a 
saturation above a 30 µV EMG target level (Fig. 19A, B). This effect of EMG on 
SNR is not a new finding and has been demonstrated previously (Bogle et al., 
2013; J. G. Colebatch, 2009; Lütkenhöner et al., 2010; McCaslin et al., 2014; 
Rosengren, 2015). For years, corrected amplitude has been used to reduce the 
impact of EMG activation on the response, reducing the need to maximize 
muscle contraction (EMG) during VEMP testing. Despite these advantages, 
some have advised against testing at low EMG targets. Rosengren et al (2015) 
suggested that minimum levels of muscle contraction were still necessary for 
accurate interpretation of responses. The authors advised against interpreting 





in P1 latency often observed when lower EMG levels are used (Rosengren, 
2015). While these are reasonable justifications for visually detected responses, 
Fsp does not rely on visual detection and may not be impacted by changes in 
waveform morphology or latency. Fsp was able to detect responses well below 60 
µV EMG targets (Fig. 6, 7), suggesting that any morphological changes due to 
low EMG activation did not impact the signal variance necessary to detect a 
present response. In addition, it is also likely that any change in P1 latency would 
still be included within the specified time window used to estimate the signal 
(cVEMPs = 10 – 33 msec / oVEMPs = 10 – 25 msec).  
 
The current study found larger Fsp (SNR) values in oVEMPs when compared to 
cVEMPs (Tables 3, 5) and is comparable to other studies applying Fsp to VEMPs 
(Parker-George et al., 2016). A method similar to corrected amplitude has also 
been used to compare SNR in cVEMPs and oVEMPs. Todd et al (2010) found 
larger SNRs in oVEMPs when compared to cVEMPs and agree with our results 
using Fsp. Larger SNR in oVEMPs could point to the differences in response 
properties between cVEMP and oVEMP. For example, there may be differences 
in the level of underlying background noise (tonic EMG activity) that is processed 
and averaged down. cVEMP and oVEMP recordings consisted of 128 sweeps 
and the number of sweeps has shown to influence the final noise estimate used 
by Fsp when applied to ABRs (Y. S. Sininger & Don, 1989b; Yvonne S. Sininger, 
1993). Additionally, the electrode montage used for oVEMPs may enhance the 





different electrode montages on oVEMPs (infraorbital vs. belly tendon) have 
been shown to affect peak-to-peak amplitude. Piker et al. (2018) showed that 
when referenced to the medial canthus (belly tendon electrode montage), peak-
to-peak amplitude is increased, which in the case of Fsp, would increase signal 
variance (Piker et al., 2018).  
 
While larger SNR in oVEMPs has been documented on multiple occasions within 
the VEMP literature, there are considerable differences in the way SNR has been 
quantified across studies. For corrected amplitude, the signal is usually derived 
from peaks that are visually identified in the average waveform (P1 and N1) while 
the noise estimated is typically estimated from a prestimulus baseline (-20 to 0 
msec). This is contrary to how the signal and noise are estimated by Fsp (see 
methods). In addition, corrected amplitude can be calculated using either the 
individual or average waveform. That is, the average peak-to-peak amplitude can 
be divided by the average rectified EMG (most common) or through a sweep-by-
sweep correction performed prior to averaging (J. G. Colebatch, 2009; McAngus 
Todd et al., 2010). For the calculation of Fsp, the signal and noise components 
are calculated and updated in blocks of sweeps (e.g., every 8 sweeps in the 
current study).  
 
While corrected amplitude and Fsp are both viable options for quantifying SNR in 
VEMPS, they are not the only two methods of SNR used in the literature. Hecker 





estimate between the signal and noise (similar to Fsp). However, acquiring these 
variance estimates was considerably different. The signal estimate was based on 
the variance between the first and second peaks visually identified in the 
waveform while the noise was derived from the prestimulus baseline (similar to 
corrected amplitude). Unlike Fsp, a sweep-by-sweep analysis was used and 
allowed them to identify decrements in phase synchronization (Hecker et al., 
2014). This is not the first report SNR used across individual traces rather than 
the average waveform (J. G. Colebatch, 2009; McAngus Todd et al., 2010). In 
fact, quantifying SNR across individual sweeps has allowed researchers to detect 
phase differences in VEMPs – information that is typically lost when SNR is 
quantified using the average waveform (J. G. Colebatch, 2009; McAngus Todd et 
al., 2010; Van Tilburg et al., 2014, 2019). Since Fsp uses a specified time window 
(for signal estimation) and is typically applied to an average waveform, Fsp may 
not be sensitive to the phase differences observed in previous studies when 
using other measures of SNR (J. G. Colebatch, 2009; McAngus Todd et al., 
2010; Van Tilburg et al., 2014, 2019).   
 
When Fsp is thought of as a measure of SNR, it is comparable to other methods 
used to quantify SNR in VEMPs (e.g., corrected amplitude). However, one major 
advantage that Fsp has is also serving as an objective detection algorithm.  The 
other methods described above still require visual interpretation peak-to-peak 
amplitude. Fsp functions as both a measure of SNR and an objective detection 








Present visual and Fsp responses at 10 µV 
 
At 10 µV, present responses were detected by visual detection and Fsp (3 
detected visually and 3 detected by Fsp; Fig. 10A). Given that cVEMPs scale with 
the level of EMG activation, it would be conceivable that small responses could 
be present at 10 µV. However, there are few studies that have measured 
cVEMPs at low EMG targets. Akin et al. (2011) found that 22 of 24 of normal 
individuals had visually detectable responses at 10 µV. The discrepancy between 
studies may lie in the actual EMG activation that participants reached compared 
to our study. Studies have shown that interelectrode difference between the 
electrode used to measure the response and the electrode used to monitor EMG 
(used by the Akin group) can underestimate EMG activation (Clinard et al., 
2020). Our study used a single electrode to measure both the response and 
monitor EMG activation. The mean EMG activation used by the Akin group was 
likely higher than the 12 µV that was reported (Akin et al., 2011b). For objective 
detection, Fsp detected 3 responses that were not visually detected (Fig. 10B). 
Given that the first recording only was used to calculate Fsp, it is possible that Fsp 
used a recording that did not replicate; noise contamination may have influenced 







VEMP threshold between visual detection and Fsp  
 
One of the main purposes of the study was to compare visual detection and Fsp 
when detecting cVEMP and oVEMP threshold. Our study established that there 
was moderate to good agreement between examiners when determining 
threshold in cVEMPs and fair agreement in oVEMPs. These results were 
consistent with those observed in the VEMP literature (Faten Saeed Obeidat & 
Lewis Bell, 2019).  
 
The current study found visual detection identified lower (~ 3 – 4 dB on average) 
VEMP thresholds than Fsp for cVEMPs and oVEMPs (Fig. 14A) with some 
individual differences as high as 10 dB. While most participants had lower 
threshold levels detected visually, four participants had lower thresholds detected 
by Fsp. Additionally, up to 11 participants had thresholds that differed between 
visual detection and Fsp across cVEMPs and oVEMPs. The average difference in 
threshold between visual detection and Fsp was minimal and comparable to the 
ABR literature (Arnold, 1985; Elberling & Don, 1987b). There are several reasons 
for the slight advantage visual detection has over Fsp when identifying responses 
at lower stimulus levels. First, it is known that examiners will use additional 
resources such as expected waveform and latency to detect a response (Arnold, 
1985; Elberling & Don, 1987b). With visual detection, examiners may also use 





Fsp used. There may also be a physiologic explanation for these differences in 
threshold. cVEMPs and oVEMPs consist of a series ‘microreflexes’ that manifest 
as either a pause (cVEMP) or increase (oVEMP) in tonic muscle activity picked 
up by surface electrodes (James G. Colebatch & Rosengren, 2019). It may be 
that, at near threshold, Fsp may not be sensitive enough to detect these small 
changes in muscle activity. Additionally, given that noise decreases with 
increased signal averaging across sweeps, it is conceivable that the 3 – 4 dB (on 
average) between visual detection and Fsp could decrease if more sweeps 
(greater than 128) were averaged. Lastly, one alternative to reduce the minor 
differences between visual detection and Fsp would be to increase the time 
window used to estimate the signal. The time windows used in the current study 
may not have been wide enough to fully encompass the spectral content of the 
response, which has been theorized to reduce Fsp when applied to ABRs 
(Elberling & Don, 1984; Yvonne S. Sininger, 1993). Theoretically, a 23 and 15 
msec time window used in the current study (for cVEMPs and oVEMPs, 
respectfully) may not have included spectral energy lower than 43 Hz (1/23 x 
1000 = 43 Hz) and 66 Hz (1/15 x 1000 = 66 Hz) used in the final signal estimate. 
Given that spectral content of the MUAP is centered around 40 Hz (Wit & 
Kingma, 2006), a time window of at least 25 msec in duration would be required 
(1/25 x 1000 = 40 Hz). Wider time windows (≥ 25 msec) than those used in the 
current study may help to reduce the differences found in VEMP threshold 






There is only one study that has compared visual detection and Fsp when applied 
to VEMP detection. Obeidat and colleagues applied Fsp to cVEMPs and 
investigated cVEMP threshold level from 250 – 1000 Hz and compared saccular 
tuning curves of normal participants to those diagnosed with Meniere’s Disease. 
The authors found that Fsp detected slightly lower cVEMP thresholds (~ 1 – 2 dB 
lower) than those detected by visual detection (compared to lower thresholds 
determined by visual detection in this study). The inconsistencies between 
studies may be due to the differences in subject demographics and differences in 
stimulus and recording parameters across studies. The subject population in the 
Obeidat study included not only older individuals but those diagnosed with 
Meniere’s Disease (Faten Saeed Obeidat & Lewis Bell, 2019). It is not yet known 
how age and vestibular disorders affect threshold level in individuals when 
detected by Fsp. Our results across detection method (visual and Fsp) are more 
aligned with Fsp described in the ABR literature. Elberling and Don (1987) and 
Sininger and Don (1989) found that Fsp was within 5 dB of visual detection. The 
differences between visual detection and Fsp are comparable to differences 
observed in the ABR literature (Elberling & Don, 1987b; Y. S. Sininger & Don, 
1989b).  
 
Despite the lower threshold levels observed with visual detection when compared 
to Fsp, the current study found that cVEMP threshold (visual detection and Fsp) 
was not dependent upon the level of muscle contraction. To our knowledge, this 





level of tonic EMG activation regardless of detection method (visual or Fsp). That 
is, these results support that utricular and saccular end organs have distinct 
acoustic thresholds that they will respond to independent to the level of tonic 
EMG activation (McCue & Guinan, 1994). 
 
 
Clinical implications  
 
The use of Fsp could vastly improve the use of VEMP testing for clinicians. Fsp 
may not only benefit certain clinical populations but may also assist in 
determining VEMP threshold as well as confirm the presence of responses in 
recordings that are difficult to visually identify. 
 
Fsp applied to VEMP detection may also benefit vulnerable clinical populations. 
Fsp was able to detect responses at lower stimulus levels and the highest 
stimulus level was not required to obtain a significant Fsp value. This could have 
clinical benefits to pediatric populations who may be at risk for noise exposure 
with common stimulus levels used during routine VEMP testing (Rodriguez et al., 
2018). Additionally, the effects observed across EMG activation could have major 
implications for the older adult population who may not be able to reach the 
higher levels of muscle contraction during VEMP testing. Fsp did not benefit from 






Given that VEMP thresholds detected by Fsp were within 3 – 4 dB on average 
when compared to visual detection, this finding supports that Fsp is comparable 
to visual detection, although some individuals may have Fsp-detected thresholds 
up to 10 dB higher. That said, the present study was designed for optimal visual 
detection. That is, a high number of sweeps (128), high stimulus levels, and high 
EMG activation were all used during many conditions throughout the study. 
These conditions that favor visual detection may not be optimal for patients given 
that a high number of sweeps and stimulus level may lead to greater noise 
exposure and discomfort during the test. In addition, a high level of muscle 
contraction may not always be possible, especially in the older adult population. 
It is possible that Fsp may outperform visual detection under certain ‘real world’ 
conditions such as lower stimulus levels, lower muscle contractions, and fewer 
sweeps.  
 
Fsp is already in most clinical auditory evoked potential equipment which could 
make the transition to VEMP detection a smooth one. Fsp could open numerous 
clinical applications including adaptation for use as a potential vestibular 
screener of patients and telehealth applications which may help serve a greater 
number of patients than previously thought possible. Lastly, in the long term, Fsp 
could potentially be implemented to develop newborn vestibular screening 








Future investigations  
 
There are several short- and long-term goals of this line of research. One of the 
primary goals is to investigate test-retest reliability of Fsp when applied to VEMP 
detection. That is, how reliable is Fsp between replications. In addition, ear 
differences and interaural asymmetry ratios will be explored. We would like to 
further evaluate and compare visual detection and Fsp. That is, what are the 
minimum number of sweeps needed to detect a present response? Lastly, we 
would also like to further investigate Fsp when applied to different clinical 
populations including older adults to look at the effect of age as well as 
populations with various vestibular disorders.  
 
 
Study limitations  
 
The present study does not come without its limitations. This investigation 
applied Fsp to a group of young healthy individuals, and it is not known how Fsp 
performs across age or in VEMPs that are abnormal like those with vestibular 
disorders. Fsp was applied to VEMPs offline or after data collection was complete 
unlike traditional Fsp. Fsp is typically performed in real time during the actual 
recording, and it cannot be known for certain how spontaneous increases in 





recordings at a fixed gaze angle. It is well known that oVEMPs are highly 
affected by different levels of gaze angles and the effect of gaze on Fsp when 




























This chapter summarizes the overall findings and recommendations from the 
current study.  
 
Fsp has played a major role in audiology and auditory research because of its 
ability to serve as a measure of SNR or response quality and objective detection 
algorithm. Fsp has dramatically improved the estimation of SNR in auditory 
evoked potentials, particularly those that are represented as a waveform across 
time (e.g., ABR). Fsp has made positive impact on clinical practice including being 
a fundamental component of hearing screening protocols in infants and threshold 
estimation, all while shortening the recording time during appointments.   
 
Even though ABRs and VEMPs share similar response characteristics, it was 
previously unknown how Fsp responds to changes in common stimulus and 
recording parameters. The current investigation characterized the behavior of Fsp 
across stimulus and recording parameters often used during routine VEMP 
testing. If Fsp performed similarly when applied to VEMP detection, then Fsp may 
offer clinical advantages during routine VEMP testing. A range of stimulus levels 
and muscle contractions (EMG) across visual detection and Fsp was compared in 
a group of young healthy individuals. This study showed that not only could Fsp 





oVEMPs, but it was also sensitive to changes in stimulus and recording 
parameters, as expected. In addition, while there were some individual 
differences, Fsp was comparable to visual detection and an acceptable method of 
determining cVEMP and oVEMP threshold.  
 
Our study has shown that Fsp has a predictable performance when applied to 
cVEMPs and oVEMPs and comparable to conventional methods of VEMP 
detection. Furthermore, Fsp may address many of the issues that clinicians 
experience during VEMP testing. For example, these results could have clinical 
implications for populations at risk for noise exposure during the test and 
individuals who may not be able to reach a high level of muscle contraction which 
is often considered a requirement during VEMP testing.  
 
Applying Fsp to VEMP detection may transform this clinical test into a truly 
objective test of vestibular function. The current line of research will continue to 
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